Mutagenesis/5,6-dihydroxy-5,6-dihydrouracil/Cytosine/Radiolysis/DNA When 14C cytosine was incorporated in M13 mp10 phage, in the phage DNA both cytosine and thymine residues were labelled. The single stranded phage DNA was isolated and irradiated in a buffer solution using 60Co gamma -rays . After the addition of TCA, the DNA precipitated was filtered. The ratio of the radioactivity of the filtrate to the total increased with increasing radiation dose. The precipitate -was hydrolyzed with acid and the base modification was analyzed by TLC. The modification yield also increased with increasing dose. Chromatograms showed that the main product was urea. In the case of cytosine radiolysis, trans-5,6-dihydroxy-5,6-dihydrouracil was found to be the main product before acid treatment; whereas, urea was the main product after acid treatment. This fact suggests that the trans-5,6-dihydroxy-5,6-dihydrouracil retained in the irradiated DNA is responsible for the gamma-ray induced C-T transition.
INTRODUCTION
Ionizing radiation-induced base modifications, apurinic/apyrimidinic (AP) site formations, and other damage such as strand breaks [1] [2] [3] [4] [5] , have been investigated extensively. Recently, we studied the specificity of ionizing radiation-induced mutagenesis using DNA sequencing technique 6). Base substitutions occurred predominantly in the cytosine residues in irradiated DNA. It was therefore concluded that damage to the cytosine residue was the main cause of the radiation-induced mutations. However, it could not be determined whether the mutations resulted from base modification or from AP site formation. In the present study, the liberation yield of the base and its radiolytic derivatives from the DNA strand was compared to the modification yield of the base residues remaining in the DNA. The modified products of the cytosine residues remaining in the DNA were analyzed.
Phage DNA preparation and irradiation E. coli K12 JM 101 infected with bacteriophage M13 mp l O was grown in M9 medium (6g Na2HPO4, 3g KH2PO4, 0.5g NaCl, lg NH 4C1, 1 ml 1 M MgSO4, 1 ml 0.1 M CaC12 per liter of water, supplemented with 2g glucose, 1 ml of 1 M thiamine-HC1 and 0.5 mCi (1.85 x 107 Bq) of [2-14C] -cytosine from Commissariat a 1'Energie France) at 37°C for 24 h. Under these conditions, both the cytosine and thymine residues were labelled with 14C. Single-stranded phage DNA was isolated and dissolved in a buffer solution at a concentration of 50 pg/ml and irradiated with 60Co gamma-rays as described previously6>.
Measurement of liberation yields of the bases and their modified products The phage DNA solution was irradiated and 50 pl of the solution was added 5 ml ice-cold 10% trichloroacetic acid (TCA). This solution was chilled in an ice bath for 30 min. The precipitate was collected on a glass filter (Whatman GF/C, 0 24 mm), which was prewashed twice with 5 ml ice-cold 5% TCA. The precipitate was washed three times with 5 ml ice-cold 5% TCA and dried using an infrared lamp. Then the radioactivity was measured using a scintillation counter (Aloka LSC-950) in BBOT-toluene solution.
Hydrolysis
Three hundred pl gamma-irradiated DNA solution was treated with TCA. The precipitate was dissolved in a buffer solution and dialyzed twice against 300 ml of the same buffer solution . at 4°C. After dialysis, DNA was hydrolyzed with HC1 as described elsewhere7)
Thin layer chromatography (TLC) TLC was performed using an aluminium sheet (Silica gel 60 F254 , 20 cm x 20 cm, Merck, Germany). The hydrolyzed solution was spotted onto a TLC sheet, then developed with solvent systems; first dimension: chloroform-methanol-water (4 : 2 : 1, lower layer with 5% methanol added), second dimension: ethyl acetate-isopropanol-water (75 : 16 : 9). The first dimension was performed twice. Autoradiography was performed by placing Fuji Medical film (Rx-S) over the TLC sheet for one month. After autoradiography, each radioactive spot on the TLC sheet was scraped off and 14C-radioactivity was measured with a liquid scintillation spectrometer., Bases and modified compounds were identified using authentic compounds and a mass spectrometer (Hitachi 80B).
RESULTS
Incorporation of 14C-cytosine in M13 mp 10 phages resulted in the labelling of both cytosine and thymine residues in the DNA (see Fig. 4 , 0 Gy). DNA isolated from phage was exposed to 60Co gamma-rays in aqueous solution. After the addition of TCA and filtration, the 14C -radioactivity of the filtrate was counted. As shown in Fig. 1 , the ratio of the radioactivity in the filtrate to the total increased with increasing radiation dose. To obtain the base modification yield in the precipitated DNA, acid hydrolysate of the precipitate was analyzed by TLC. Fig. 2 shows the correlation between the modification yield of bases (cytosine + thymine) and radiation dose. The base modification yield in the DNA also increased with increasing dose. These results indicated that the liberation yield accounts for 40% of the total base residues destroyed. Each dose-survival curve of cytosine and thymine residues retained in the DNA is shown in Fig. 3 . The data indicate that the modification yield of thymine was much greater than that of cytosine. Vertical scale is logarithmic.
One result of TLC analysis is shown in Fig. 4 (7500 Gy). By acid hydrolysis, the intact bases are not degraded, but some of the modified products are. Most of radiolytic products shown in Fig. 4 were derived from thymine. In the case of cytosine radiolysis, chromatograms before and after acid treatment are compared (Fig. 5) . Trans-5,6-dihydroxy-5,6-dihydrouracil (spot 4) is the main radiolytic product before such treatment; urea (spot 3) is the main product after the treatment. These results indicate that trans-5,6-dihydroxy-5,6-dihydrouracil was produced in the irradiated DNA, which was then degraded to urea by the acid treatment.
DISCUSSION
In the present study, the liberation yield of free bases and short fragments (TCA-soluble fraction) from DNA was about 40% of the total base residues destroyed. Ullich and Hagen reported that the free bases released accounted for 38% of the total released (free bases + nucleoside s)4). However, in the present study, the TCA-soluble fraction contains nucleotides and small oligomers in addition to the free bases and nucleosides. Therefore, the liberation yield of the free bases including their modified products should be less than 38% of the total in the TCA-soluble fraction. Incidentally, the liberation yield of the released bases could be less than 15% (0.40 x 0.38) of the total base residues destroyed. If the breakage of the N-glycosidic bond in cytosine residues is equal by ratio to that in thymine residues by gamma-irradiation, the liberation yield of cytosine and its modified products from DNA will be less than 7.5%. Greenstock and Whitehouse also reported that the yields of free bases and low molecular weight fragments released from irradiated DNA are much less than for damaged bases in the DNA strands). We estimate that the modification yield of cytosine residues remaining in DNA is about 20% (0.60 x 0.33) of the total base residues destroyed because the modification yield of cytosine retained in DNA was half that of thymine (Fig. 3) . In an earlier report, we suggested two possible pathways for explaining ionizing radiation-induced mutagenesis6). One was base modification; and the other, the AP site formation.
Our above estimate revealed a small contribution to the mutagenesis by base liberation. Thus, the base modification could be responsible for mutagenesis during DNA replication.
Uliana et al. reported the degradation of base components in DNA exposed to ionizing radiation 8). The apparent order of preference for the destruction was T > C > A G. In the present experiment, the degradation yield of thymine residues retained in DNA was about twice that of cytosine (Fig. 3) . In our previous study, mutation events in cytosine residues were most frequently detected 6). This discrepancy suggests that the main component of cytosine radiolytic products, but not that of thymine, plays an important mutagenic role in DNA replications. Polverelli and Teoule studied cytosine radiolytic products whose main component was trans-l-carbamoyl-imidazolidone 4,5-diol9). In the present study however, the main radiolytic product of cytosine was identified as trans-5,6-dihydroxy-5,6-dihydrouracil, which with acid treatment degrades easily to urea. Differences, in irradiation conditions may have caused this discrepancy. Therefore, the main radiolytic modification of cytosine residues in irradiated DNA was most likely the formation of 5,6-dihydroxy-5,6-dihydrouracil. Recently, several investigators have shown that dAMP was inserted opposite the 5,6-dihydroxy-5,, 6-dihydrothymine during in vitro DNA synthesis 10-12) Trans-5,6-dihydroxy-5,6-dihydrouracil may have the same capability of forming hydrogen bonds with adenine. 
